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DNA methylation of the genome is essential for mammalian development and plays crucial roles in a variety of biological processes including
genomic imprinting. Although the DNA methyltransferase 3-like (Dnmt3L) protein lacks DNA methylase activity, it is thought to establish the
maternal imprint in combination with the functional DNA methyltransferases. Oogenesis apparently proceeds normally in female mice
homozygous for a targeted deletion of Dnmt3L, but their heterozygous offspring (Dnmt3Lmat−/−) die before midgestation due to an imprinting
defect. In this study, we show that Dnmt3L is required for the establishment of maternal methylation imprints both in the embryos and the
placentae and that the placentae of these embryos develop abnormally. There is a defect in the formation of the labyrinth, reduced formation of the
spongiotrophoblast layer, excess trophoblast giant cells and insufficient attachment between the chorion layer and the ectoplacental cone. In
addition, we demonstrate arrest of proliferation of the extraembryonic tissue without apoptosis in vivo and a disturbance of the cell fate of
Dnmt3Lmat−/− trophoblastic stem cells in vitro. Furthermore, we report that DNA methylation during oogenesis is essential for the establishment of
imprinting Mash2. These findings provide evidence that not only is DNA methylation required for the appropriate maternal imprint in the placenta
but that the appropriate imprint is absolutely required for vertebrate placentation.
© 2006 Elsevier Inc. All rights reserved.Keywords: Genomic imprinting; TS (trophoblastic stem) cells; Differentiation; Dnmt3LIntroduction
Genomic imprinting describes the epigenetic phenomenon
that is responsible for the functional difference between the
maternal and paternal genomes in mammals (McGrath and
Solter, 1984; Surani et al., 1984). This non-equivalence results
in disturbed early development and embryonic lethality in
androgenetic and parthenogenetic mammalian embryos. With-
in vertebrate lineages, imprinting is restricted to eutherian⁎ Corresponding author. Fax: +81 957 27 1661.
E-mail address: tarima@tsurumi.beppu.kyushu-u.ac.jp (T. Arima).
1 T. Arima and K. Hata contributed equally to this work.
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.05.003mammals and marsupials (John and Surani, 1999). Various
theories have been proposed to explain the biological and
evolutional significance of this phenomenon (Moore and Haig,
1991; Barlow, 1995; Jaenisch, 1997; Tilghman, 1999). One of
the key defining features of eutherian mammals is the placenta.
This structure, which infiltrates the maternal uterus, is required
for the embryos to obtain nutrients essential for growth
(Adamson et al., 2002). Intriguingly, imprinting is also
apparent in the endosperm in some plants, a structure which
is functionally similar to the mammalian placenta (Birchler,
1993; Adams et al., 2000). Many imprinted genes are
expressed at high levels in the placenta, and some of them
have been shown to play a role in its formation (Guillemot et
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2006). It has also been suggested that the deregulated ex-
pression of some imprinted genes may be responsible for the
placentomegaly seen in a proportion of cloned mice (Rideout
et al., 2001; Inoue et al., 2002), although it still remains
controversial.
DNA methylation of the genome is essential for mammalian
development and plays crucial roles in a variety of biologicalFig. 1. Defect in chorioallantoic morphogenesis in Dnmt3Lmat−/− mouse at E9.5. Mut
E, G, I) and wild-type (WT) placentae are shown on the right (B, D, F, H, J). TheDnm
formation of a funnel-like structure of the allantois with excess fetal blood in it (A). Re
indicate the remains of ectoplacental cavity and excess fetal bloods, respectively. Mu
(black arrows), a lack of intrusion of fetal blood vessels into chorionic plate, and red
boxed regions of panels A and B are shown as panels C and D, respectively. A poor
endothelial marker, CD34 (E). And feeble capillary vessels were observed in the
trophoblastic giant cell, ch; chorion, al; allantois, de; decidual tissue, sp; spongiotroprocesses including genomic imprinting (Ferguson-Smith and
Surani, 2001; Reik and Walter, 2001). The paternal or maternal-
specific DNA methylation at differentially methylated regions
(DMRs) associated with imprinted genes regulates their allele-
specific expression. Once the methylation patterns have been
established, they are inherited faithfully through DNA replica-
tion. Dnmt1, one of the DNA methyltransferases, is responsible
for maintenance of the methylation patterns (Leonhardt et al.,ant Dnmt3Lmat−/− (3L mat−/−) placentae are shown in the left hand panels (A, C,
t3Lmat−/− placentae showed incomplete joining of ectoplacental cone and also the
d asterisk marks the disrupted area of chorionic plate. Blue and black arrowheads
tant placentae also showed overproduction of secondary trophoblast giant cells
uced formation of the spongiotrophoblast layer (C). Higher magnification of the
vessel outgrowth also showed in mutant placentae by immunostaining with the
yolk sac of the mutant embryos. Magnification ×100 (G) and ×400 (I). gi;
phoblast cell.
}Fig. 1 (continued).
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Dnmt3b, are de novo DNA methyltransferases (Okano et al.,
1998, 1999). Recent conditional knockout studies revealed that
Dnmt3a is essential for paternal and maternal methylation
imprints (Kaneda et al., 2004a,b).
DNA methyltransferase 3-like (Dnmt3L) has been geneti-
cally shown to be necessary for the maternal imprinting and
spermatogenesis (Bourc'his et al., 2001; Hata et al., 2002).
Like Dnmt3a and Dnmt3b, Dnmt3L possesses a plant
homeodomain (PHD)-like motif, but it does not appear to
have DNA methylation activity (Aapola et al., 2000; Hata et
al., 2002). Instead, Dnmt3L cooperates with Dnmt3a and
Dnmt3b to de novo methylate DNA (Chedin et al., 2002;
Suetake et al., 2004). The Dnmt3L transcript is expressed at
high levels in the testis and the chorion of the placenta (Aapola
et al., 2000; Bourc'his et al., 2001). Male mice that lack
Dnmt3L are viable but sterile, with a complete absence of
germ cells in adult males. Loss of Dnmt3L does not prevent
oogenesis, but the heterozygous offspring from homozygous
mutant females die before midgestation, possibly due to
placental insufficiency (Bourc'his et al., 2001; Hata et al.,
2002).
Here, we show that Dnmt3Lmat−/−embryos display abnor-
mal development of extraembryonic structures. In normal
embryos, the allantois grows out from the embryo and
makes contact with the chorion at approximately E8.5. This
event is termed “chorioallantoic fusion”, however, no actualcell fusion takes place. Instead, the chorion folds, and the
fetal blood vessels grow out of the allantois to form the
chorioallantois. This event occurs imperfectly in the
Dnmt3Lmat−/− embryos. The differentiation of trophoblast
stem cells, which reside in the chorion, into either
trophoblast giant cells or syncytiotrophoblast cells of the
labyrinth or the spongiotrophoblast is also impaired.
Trophoblastic stem (TS) cells derived from Dnmt3Lmat−/−
embryos fail to express Gcm1 (differentiation marker of
labyrinthine trophoblast) and an imprinted gene, Mash2
(differentiation marker of diploid trophoblast progenitor), and
only develop into the trophoblastic giant cells in response to
differentiation stimuli. DNA methylation, mediated by
Dnmt3L during oocyte development, is essential for the
acquisition of the imprinted expression pattern of Mash2.
These findings provide evidence that appropriate maternal
methylation of imprinted genes is absolutely required for
vertebrate placentation.
Materials and methods
DNA methylation analysis
To use DNA polymorphisms for allele discrimination, we crossed
homozygous Dnmt3L−/− female mice (129, SvJae; C57BL/6 hybrid genetic
background) (Hata et al., 2002) to wild-type JF1 male mice (Mus mus-
culus molossinus). Dnmt3Lmat−/− embryos (we designated such embryos as
Dnmt3Lmat−/− to distinguish them from embryos from wild-type and Dnmt3L+/−
364 T. Arima et al. / Developmental Biology 297 (2006) 361–373mothers) (Hata et al., 2002) and placentae were removed from pregnant mothers.
Trophoblast tissue of the wild-type (C57BL/6 × JF1) and Dnmt3Lmat−/− were
dissected carefully from the embryos and the maternal deciduas. The trophoblast
tissue was then washed in PBS twice to remove contaminating maternal blood.
Yolk sac DNAs were used for genotype analysis by PCR as described previously
(Hata et al., 2002). Bisulphite PCR sequencing of Snrpn, Kcnqlotl and H19
DMR in mutant embryo and placental DNA was performed as described
previously (Clark et al., 1994). The primer sequences and PCR conditions were
described previously (Hata et al., 2002). The amplified fragments were cloned
into the TOPO TA vector (Invitrogen) according to the manufacturer'sFig. 2. DNA synthesis and apoptosis in the extraembryonic tissue in Dnmt3Lmat−/− m
type extraembryonic tissue (5–8) at E8.5 and E9.5. The number of BrdU positive cell
At E9.5, they were less frequent in mutant placentae. Magnification ×100 (1, 3, 5, 7)
Apoptosis were determined by TUNEL method in Dnmt3Lmat−/− (9, 10) and wild-typ
the apoptotic positive cells. The number of apoptotic cells was not different betweeinstructions. Individual clones were sequenced using a T7 primer and/or M13
reverse primers.
Imprint analysis by real time RT-PCR
Total RNAs were isolated using ISOGEN (Nippon Gene) from control and
mutant embryos and trophoblast at E9.5. First strand cDNAwas synthesized by
Gene amp RNA PCR core kit (Roche) according to the manufacturer's
instructions. The amplification consisted of a total of 30 cycles at 95°C for 30 s,
60°C for 30 s and 72°C for 30 s in a Perkin Elmer Gene Amp PCR system 2400.ice. (A) BrdU immunohistochemical staining in Dnmt3Lmat−/− (1–4) and wild-
s was not significantly different between mutant and wild-type placentae at E8.5.
and ×400 (2, 4, 6, 8). Black arrowheads indicate the trophoblast giant cells. (B)
e (11, 12) extraembryonic tissue. Magnification ×400. The bold arrows indicate
n wild-type and mutant placentae.
Fig. 2 (continued).
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Detection System (BIORAD) and Master Mix from a QuantitectTM SYBR
Green PCR kit (Qiagen). Primers used were: H19 (X58196) F:1219-
AATCAGAACCACTACACTAC, R:1834-ATTTATTGATGGACCCAGGAC;
Snrpn (NM013670) F: 524 GATGGGAGAATCTTCATTGG, R: 862-TCCA-
ACTCCTCTGACAGG, Mash2 (AF139595) F: 962-TACTCGTCG-
GAGGAAAGC, R: 1394-GAGGTCATCTTTATTGTGCTCC, Cdkn1c
(NM009876) F: 852-AGGACGAGAATCAAGAGCAGCG R: 1215-TGCT-
CTACGCAACCATCTCC Igf2 (NM010514) F: 1056-CTTCAGTTT-
GTCTGTTCGGACC, R: 1282-TATTGGAAGAACTTGCCCACGG, Gcm1
(NM008103) F: 944-TCCAACTTCCACCTTAGATTCC, R: 1247-ATGA-
CAGCCTGGTTGAGC, and Gapdh F: 5′-ACAACAGCCTCAAGATCAT-
CAG-3′, R: 5′-GGTCCACCACTGACACGTTG-3′.
The amplified RT-PCR fragments for H19, Igf2 and Cdkn1c were directly
sequenced using a sense and/or antisense primers; H19: CAAGCACACGGC-
CACACCCA, Igf2 : CTTCAGTTTGTCTGTTCGGACC Cdkn1c :
TCTCCAAACGTGGCTCCTGG. The RT-PCR fragments for Snrpn was
digested with the restriction enzymes NlaIII and were run on 3% agarose gels
and visualized with ethidium bromide and UV.
Histological analysis, immunohistochemistry and in situ hybridization
Embryos were dissected from the uterus at E8.5 and E9.5. Placentae were
fixed with 4% paraformaldehyde overnight at 4°C and processed for wax
embedding. 5-μm serial sections were stained with hematoxylin/eosin for
general histopathological analysis. For immunohistochemistry, BrdU (100 μg/g
body weight) was injected intraperitoneally into the pregnant females at 1.5 h
before euthanasia. BrdU-positive cells were detected by using the BrdU staining
kit (ZYMED Laboratory Inc.). Apoptosis was examined by TUNEL assay using
ApoTaq kit (Invitrogen). Immunohistochemical staining of endothelial cells was
examined with the anti-mouse monoclonal antibodies, CD31 (PECAM-1) (BD
Pharmingen) and CD34 (HyCult biotechnology). For in situ hybridization, the
mouse cDNAs for pl1, 4311 and Mash2 were used as probes (kind gifts from
Drs. J. Rossant and J. Guillemot). The Gcm1 cDNA (Accession number
U59876: 1248–1875 nt) was amplified by PCR and used to prepare sense and
antisense RNA by in vitro transcription using the DIG RNA labeling kit
(Boehringer Mannheirn). Sections from E8.5 and E9.5 mutant and normal
placentae were subjected to in situ hybridization, essentially as describedpreviously (Wilkinson and Nieto, 1993). Sections were counterstained with 4%
eosin, and mounted sections were photographed.
Isolation of trophoblast stem (TS) cells and culture
A wild-type and five Dnmt3Lmat−/− TS cell lines were derived from E3.5
control and Dnmt3Lmat−/− blastocysts (C57BL/6) using the technique reported
by Tanaka et al. (1998). Briefly, mutant and normal blastocysts were
individually plated on MEF feeder cells and cultured in TS condition medium
with FGF4 (25 ng/ml, PEPROTECH EC LTD) and heparin (l μg/ml, Sigma). To
promote their differentiation, the growth medium was removed, and the cells
were washed once with PBS and re-fed with medium lacking FGF4 and without
MEF feeder cells. These TS cell lines were seeded in a 24-well microplate at a
density of 1 × 104 cells/well and counted every 2 days.
Northern blots
Total RNA was isolated from normal and Dnmt3Lmat−/− TS cells using
ISOGEN (Nippon Gene) and 10 μg per lane was analyzed by Northern blotting.
Complementary DNA probes for Pl1, 4311,Mash2, Hand1 (Cross et al., 1995),
Gcm1 and Gapdh (purchased from Clontech) were used as described previously
(Arima et al., 2001).
Tetraploid rescue experiment
Two-cell embryos were collected from BDF1 females at E1.5. The
blastomeres were electrofused by using a LF101 electric pulse generator
(Nepa Gene, Chiba, Japan) and cultured in KSOM medium for 24 to 27 h until
they grew into 4-cell stage tetraploids. To obtain eight-cell stage embryos, wild-
type and Dnmt3l−/− females were crossed with wild-type C57BL/6 males and
sacrificed at E2.5. Two 4-cell stage tetraploid embryos were aggregated with one
8-cell stage embryos in KSOM medium. After 1 day of incubation, chimeric
embryos at morula or blastocyst stage were transferred into the uteri of E2.5
pseudopregnant MCH recipient mice. The chimeric embryos were recovered on
E10.5, E11.5 and E12.5. Section were used for hematoxylin/eosin staining,
immunohistochemistry (CD31 and CD34) and in situ hybridization (pl1 and
4311).
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Abnormalities in extraembryonic tissues of Dnm3Lmat−/− mice
The heterozygous progeny of homozygous Dnm3L−/−
females fail to develop beyond E10.5 (Bourc'his et al., 2001;
Hata et al., 2002). In normal embryos, the allantois grows out
from the embryo and makes contact with the chorion from
approximately E8.5–8.75 to form the chorioallantois and the
connection between the maternal and fetal blood supplies.
Detailed examination of Dnmt3Lmat−/− placentae at E9.5
revealed several defects in these events. There was an absence
of invasion of fetal blood vessels into chorionic plate, a
reduction in the formation of the spongiotrophoblast layer and
the formation of funnel-like structure of the allantois containing
excess fetal blood (Figs. 1A, C). Mutant placentae also showed
overproduction of secondary trophoblastic giant cells (Fig. 1C,
Fig. 3, in situ hybridization with the probe of Pl1). Poor vessel
outgrowth was revealed in mutant placentae by immunostaining
with the endothelial marker, CD34 (Fig. 1E). These defects in
the placental structure suggest that the mutant placentae are
non-functional, which could account for the death of these
embryos at this time point. This phenotype was stably observed
on 129SvJae, C57BL/6 and JF1 hybrid backgrounds. In
addition, the vasculature of the yolk sac was feeble with thin
capillary vessels in mutant embryos (Figs. 1G, I).
DNA synthesis and apoptosis in Dnmt3Lmat−/− placenta
To explore the cause of the abnormal structures in Dnmt3L-
placentae, we examined proliferation and apoptosis in mutant
placentae. BrdU-positive cells were counted both in the wild-
type and mutant placentae. The trophoblastic giant cells were
excluded from the analysis as these cells were predominantly
positive. Trophoblast giant cells were identified by morphology
and with a Pl1 in situ probe (Colosi et al., 1987). The number of
BrdU-positive cells was not significantly different between
mutant and wild-type placentae at E8.5. At E9.5, they were less
frequent in mutant placentae as compared with wild type (Fig.
2A). The number of apoptotic cells was not different between
wild-type and mutant placentae (Fig. 2B). These results imply
that the deregulated imprinting may cause deregulation of
trophoblast proliferation but not apoptosis.
Expression pattern of Gcm1 and Mash2 in Dnmt3Lmat−/−
placentae
We compared the expression patterns of several placental
markers in adjacent sagittal sections of E9.5 Dnmt3Lmat−/− and
wild-type placentae by in situ hybridization (Fig. 3A). Pl1 was
strongly expressed in the giant cells of both mutant and wild-
type placentae. However, expression of 4311, which is aFig. 3. The comparison of development-specific genes expression in adjacent sagittal
Pl1 is a marker for giant cells,Gcm1 is a labyrinthtrophoblast-specific marker, 4311 is
trophoblast progenitor. gi; trophoblastic giant cell, la; labyrinthtrophoblast cells, sp
Dnmt3Lmat−/− and wild-type placental RNA. Gapdh was used as a positive control.spongiotrophoblast-specific marker, was not detected in the
mutant placentae. Gcm1 and Mash2 were also undetectable.
These results suggest that Dnmt3Lmat−/− trophoblast cells can
develop into trophoblastic giant cells but not into the labyrinth
or spongiotrophoblast. We also confirmed a lack of Gcm1
expression in the mutant placenta by RT-PCR (Fig. 3B).
Dnmt3Lmat−/− placenta fail to establish methylation imprints
We previously analyzed the methylation status of differen-
tially methylated regions (DMRs) and expression patterns of
several imprinted genes in Dnmt3Lmat−/− embryos. The results
revealed only disruption of maternal methylation imprints with
normal expression of paternally imprinted and non-imprinted
genes (Hata et al., 2002). Here, we examined whether the failure
of maternal methylation imprints occurred in extraembryonic
tissues as well as in embryonic tissues. Using DNA poly-
morphisms, we analyzed parental allele-specific DNA methyl-
ation. The sequence results from wild-type placentae accurately
reflected the known methylation pattern for these genes and
confirmed that the cloning was not biased toward either
unmethylated and methylated templates (Figs. 4A, B). We
showed that the maternally methylated regions such as the
DMRs of Snrpn and Kcnqlot1 were almost completely
demethylated on both alleles in Dnmt3Lmat−/− placentae, as
well as in the mutant embryos (Fig. 4A). In contrast, the
methylation patterns of the paternally imprinted genes, H19,
were unaffected (Fig. 4B). These results indicate that Dnmt3L is
required for the establishment of maternal methylation imprints
both in the embryos and the placentae.
We then analyzed expression of several imprinted genes,
including Cdkn1c, Snrpn, H19, Igf2 and Mash2. Expression
levels of Cdkn1c and Mash2 were diminished in the
Dnmt3Lmat−/− placentae, as assessed by real time PCR. In
contrast, expression level of Snrpn in the mutant placentae
was increased to approximately twice the level in wild-type
placentae. Snrpn RT-PCR products were digested with the
restriction enzyme NlaIII revealing expression of both
paternal and maternal alleles (Fig. 5A). The results suggest
that the failure of Dnmt3Lmat−/− mice to establish methyla-
tion imprints leads to aberrant expression of maternally
imprinted genes in extraembryonic tissues. Expression of
H19 and Igf2 was unaffected (Fig. 5B), consistent with the
fact that these genes are primarily controlled by a paternal
methylation imprint.
Establishment of trophoblastic stem (TS) cells and changes in
response to the induction of differentiation
To further investigate the defects in the mutant placenta, we
derived several trophoblast stem cell lines from blastocysts at
E3.5. We maintained the cells with heparin (1 μg/ml) and FGF4sections of E9.5 Dnmt3Lmat−/− and wild-type placenta. (A) In situ hybridization.
a marker for spongiotrophoblast andMash2 is a differentiation marker of diploid
; spongiotrophoblast cells. (B) RT-PCR analysis of Gcm1 expression in E9.5
Fig. 4. Lack of maternal methylation imprints in Dnmt3Lmat−/− embryos. (A) Individual sequences of PCR clones are shown for the Snrpn and Kcnqtot1 DMRs from
wild-type and mutant embryos and placentae after bisulphite analysis. 3L-E1 and 3L-E2 are two different Dnmt3Lmat−/− embryos. 3L-T1 and 3L-T2 are the placental
DNAs from these two Dnmt3Lmat−/− embryos. WT-E1 and WT-E2 are wild-type embryos and WT-T1 and WT-T2 are their placentae. The C57BL/6 (B6) allele is from
the Dnmt3L−/− female and the JF1 allele is from a male. Snrpn and Kcnqlot1 DMRs normally show maternal methylation in wild-type embryos and placentae but are
unmethylated in Dnmt3Lmat−/− embryos (B6 allele). (B) H19 DMR analysis. This DMR has a paternal methylation imprint in wild-type embryos and placentae.
Dnmt3Lmat−/− embryos and placentae show similar paternal methylation (JF1 allele). Individual PCR sequenced clones are shown. Black circles indicate methylation;
white circles represent unmethylated residues in individual clones.
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Fig. 5. Biallelic expression of maternally imprinted genes in the extraembryonic tissue in Dnmt3Lmat−/− mouse. (A) NlaIII restriction fragment length polymorphism
analysis of RT-PCR product of Snrpn. Snrpn was expressed only from one allele in control placenta, but both alleles were expressed in Dnmt3Lmat−/− embryos and
placentae. (B) Directly sequencing of RT-PCR product of H19 and Igf2. H19 remained imprinted and was expressed only from maternal allele while the reciprocally
imprinted Igf2 gene showed the expression of only the paternal allele.
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mutant TS cells were similar to the wild-type cells in
morphology and growth rate (Supplementary 1). We collected
RNA from differentiated TS cells on day zero, one, three, five
and seven after withdrawal of FGF4 and without MEF feeder
cells and assessed the expression of several markers in response
to the induction of differentiation by Northern blotting (Fig. 6,
Supplementary 2). Expression of Pl1, which is specific to
trophoblastic giant cells, was detectable after day 3 of
differentiation both in wild-type and mutant cells. Eomes was
expressed in undifferentiated wild-type and mutant TS cells but
Mash2, Gcm1 and Hand1 were expressed at lower or
undetectable levels in the undifferentiated wild and mutant TS
cells. After withdrawal of FGF4 and without feeder cells,
expression of Gcm1 (a marker for labyrinth) and Mash2
(differentiation marker of diploid trophoblast progenitor) were
increased in wild-type cells. However, in mutant cells, these two
genes were undetectable, even after seven days of differenti-
ation. Expression of Hand1 was high throughout the differen-
tiation time course. These results suggest that the abnormal
structures in the mutant placentae are caused by the defect in
differentiation from TS cells into labyrinthine and spongio-
trophoblast cells.Tetraploid complementation study
The cause of death by E10.5 in Dnmt3Lmat−/− embryos is
unknown. It may be due to the drastic disorganization of the
labyrinth and spongiotrophoblast layer of these mutant
placentae with accompanying reduced placental transport
function. Alternatively, it may be due to a defect in the
chorioallantois and/or embryonic defects. To discriminate
between these possibilities, we isolated embryos and placentae
in tetraploid complementation experiments. The wild-type
tetraploid cells provide the trophoblast layer of the placenta
but are excluded from the primitive ectoderm lineage such as
allantois and the embryo. At E11.5, the placental defects of
Dnmt3Lmat−/− embryos were rescued shown by in situ
hybridization of pl1 (Figs. 7A, B) and 4311 (Figs. 7C, D).
However, the CD34 staining reveals that, although there are
embryonic blood vessels at the tip of the allantois, these do not
form a proper labyrinth (Figs. 7E–H). Furthermore, the
chorioallantoic defect is not rescued (Figs. 7I, J). Even though
the mutant embryos were provided with wild-type tetraploid
placentae, none of them survived beyond E11.5 (0/52). In
contrast, we obtained wild-type embryos with wild-type
tetraploid placentae (10/51). This result suggests that the
Fig. 6. Differentiation ofDnmt3Lmat−/− trophoblastic stem (TS) cells. Expression of Eomes (marker of undifferentiated TS cells), Pl1 andHand1 (trophoblast giant cell
marker), Mash2 (a differentiation marker of diploid trophoblast progenitor), Gcm1 (labyrinthine marker) mRNA during TS cells differentiation. Total RNA was
collected from wild-type and Dnmt3Lmat−/− TS cell lines (TS1, TS2) at day 0, and at days 1, 3, 5 and 7 after withdrawal of FGF4 and without feeder cells and analyzed
by Northern blotting.
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Although we cannot exclude an embryonic defect, the timing of
the loss of viable embryos and our observation that there is a
defect in the formation of the chorioallantois at this time point
suggest that Dnmt3Lmat−/− embryos die due to a failure in
development of the allantoic mesoderm and the chorionic
mesoderm.
Discussion
In the absence of maternal Dnmt3L, embryos develop
relatively normally until E9.5 but viable embryos are not found
after this time point (Bourc'his et al., 2001, Hata et al., 2002). In
all the mutant embryos examined, defects were evident in the
developing placenta at this stage. In this study, we report that
Dnmt3Lmat−/− placentae show abnormal morphogenesis of
labyrinth, reduced formation of spongiotrophoblast layer,
excess trophoblast giant cells and insufficient attachment
between the chorion layer and the ectoplacental cone. In
addition, we show arrest of proliferation of the extraembryonic
tissue and disturbance of the fate of trophoblastic stem cells.
Early placental development at the post chorioallantoic
fusion stage is characterized by enhanced proliferation of
trophoblast cells. The chorioallantoic placenta links the
embryo with the maternal circulation and is required for
embryonic growth and development from E9.5. In mice, there
are three distinctive trophoblastic cell structures in the matureplacenta: an inner labyrinthine layer, an intermediate spongio-
trophoblast layer and an outermost layer of trophoblast giant
cells (Cross et al., 1994). The histology of Dnmt3Lmat−/−
placentae demonstrates that both formation of the spongiotro-
phoblast and morphogenesis of the placental labyrinth are
affected. The reduction in spongiotrophoblast suggests an early
misallocation or differential proliferation of diploid trophoblast
stem cells. In the labyrinthine layer of Dnmt3Lmat−/− placentae,
vessels enter the labyrinth, but do not sustain further branching.
The labyrinth trophoblast is poorly differentiated. Abnormali-
ties of the labyrinthine layer are likely to arise as a consequence
of defects in allantoic mesenchyme or the trophoblast itself
(Ihle, 2000).
We find loss ofMash2 expression inDnmt3Lmat−/− placentae
as a result of loss of the maternal methylation imprint.
Expression of Mash2 is also lost in the trophoblast of E9.5
embryos which do not carry the maternal imprint due to a
conditional, maternal loss of Dnmt3a (Kaneda et al., 2004a,b).
These findings are consistent with the view that Dnmt3L and
Dnmt3a cooperate to establish Mash2 imprinting through de
novo DNA methylation of Kcnqlot1 DMR (Fitzpatrick et al.,
2002). Embryos homozygous for aMash2mutation also die due
to a placental failure (Guillemot et al., 1995). The Mash2
mutants show an expansion in the layer of secondary giant cells
and a defect in the spongiotrophoblast portion of the placenta.
The loss of Mash2 expression may therefore contribute to the
failure of placental development in Dnmt3Lmat−/− embryos.
Fig. 7. Complementation study of Dnmt3Lmat−/− embryos with tetraploid, wild-type extraembryonic tissue. Wild-type and Dnmt3Lmat−/− embryos were combined with
tetraploid embryos to examine whether the defects in placental development could be rescued. In situ hybridization of pl1 (A, B) and 4311 (C, D) and immunostaining
with the endothelial cell marker CD34 (E–H) is shown. The chorioallantoic defect is not rescued at E11.5 (I, J).
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expression of a number of other genes. A targeted deletion of
Peg10 (paternally expressed gene) also causes embryonic
lethality due to a placental abnormality (Ono et al., 2006).
Peg10-paternal knockout mice show a lack of the diploid
trophoblast cells in the labyrinth layer and the spongiotropho-
blast but have a normal chorioallantois and normal vascular-
ization of the yolk sac. As with Mash2-deficient embryos,
Peg10-deficient phenotype can be rescued in tetraploid
chimeras.
The failure in the normal process of chorioallantoic fusion
in the Dnmt3Lmat−/− embryos cannot be accounted for by loss
of Mash2 or Peg10 individually or indeed, loss of Cdkn1c or
Phlda2 which would also be predicted to occur in the
placentae of these embryos (Fitzpatrick et al., 2002). It is
possible that the defect result from a combination of loss of
expression of two or more of these genes or that another
imprinted gene is involved in this process. However, many
factors have been reported to interrupt the development of
chorioallantois (Cross et al., 1994). Notably, the defect we
observe in Dnmt3Lmat−/− embryos is similar to that resulting
from targeted disruptions of Gcm1, Fgfr2, Vcam-1 and Alpha
4 integrin (Gurtner et al., 1995; Kwee et al., 1995; Yang et al.,
1995; Xu et al., 1998; Anson-Cartwright et al., 2000). Gcm1 is
critical for the differentiation of the placenta. Mutation of
Gcm1 in mice results in complete block to branching of the
chorioallantoic interface resulting in embryonic mortality by
E10 due to the absence of the placental labyrinth (Anson-
Cartwright et al., 2000). In addition, chorionic trophoblast
cells in Gcm1-deficient placentae do not fuse to form
syncytiotrophoblast. We did no observe expression of Gcm1
either in Dnmt3Lmat−/− placentae or in differentiated tropho-
blast from Dnmt3Lmat−/− TS cells. Gcm1 also plays a
significant role in nerve development. Most Dnmt3Lmat−/−
embryos show defects such as a smaller brain, incomplete
closure of the rostral end of the neural tube (Hata et al., 2002).
These defects may also be caused by the loss of Gcm1expres-
sion. There is no evidence that Gcm1 is imprinted. However,
one possibility is that expression Gcm1is regulated by an
imprinted gene.
This study reveals that intact maternal imprints are essential
for normal placental development. Loss of the maternal
imprint affects normal differentiation of the extraembryonic
lineages and appropriate development of the chorioallantoic
placenta. This may occur directly through loss of expression of
one or more imprinted genes or indirectly, through loss of
expression of a non-imprinted gene that is regulated by an
imprinted gene.
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